To construct the intricate network of connections that supports the functions of an adult nervous system, neurons must form highly elaborate processes, extending in the appropriate direction across long distances to form synapses with their partners. As the nervous system takes shape, the process of neuronal morphogenesis is controlled by a broad repertoire of cellular signals. These extracellular cues and cellular interactions are translated by receptors at the cell surface into physical forces that control the dynamic architecture of the neuron as it explores the surrounding terrain. The interpretation of these cues involves a large set of intracellular proteins, whose functional logic we are just beginning to appreciate. We shall consider the basic mechanics of neuronal morphogenesis and some of the emerging pathways that seem to link the outer and inner worlds of the neuron.
Introduction
The morphogenesis of a neuronal axon is achieved by a complex and dynamic cell biological machine. In this review we shall first outline some of the key features of the underlying machinery. Then, we shall review some of the major classes of intracellular proteins that form a link between the cell surface receptors that detect axon guidance information and the downstream effectors that implement the changes in cellular structure necessary for directional movement. Although we shall not discuss all of the known components, we hope to give the reader a sense of the landscape in this rapidly emerging field. As numerous reviews have covered these topics elsewhere, we will direct the reader to many other and more specific sources of information in the field.
The Cell Biology of Axon Guidance
Long before a neuron can begin the work of making synaptic connections, it must extend its axon and find its mate. The navigational apparatus of an axon is located at its growing tip, called the growth cone. At the leading edge of the growth cone, antenna-like structures called filopodia extend forward to explore the road ahead. Between these fine protrusions, trailing sheets of membrane veils make contact with the substrate. Behind this spiky perimeter lies an actinrich peripheral domain with few organelles, followed by a central domain packed with intracellular membrane structures -such as mitochondria, endosomes and vesicles -and the ends of many microtubules that extend out from the nascent axon ( Figure 1A) .
In large growth cones, it is also possible to see a transitional zone between the peripheral and central domains where active membrane ruffling occurs, and where the tips of microtubules enter the actin-rich periphery (reviewed in [1] ). Serial section electron microscopy and freeze-fracture/deep-etch techniques have shown that both the membranous and cytoskeletal components within the growth cone are quite complex [2] [3] [4] . Often located far from the cell body, the growth cone is constantly supplied with newly synthesized proteins, mRNAs and membrane by axonal transport (reviewed in [5, 6] ). Growth cones also have a local machinery for protein synthesis to add new proteins on the fly (reviewed in [7] ). Indeed, recent work suggests that the local protein synthesis machinery plays important roles in guidance decisions [8] [9] [10] . In fact, when cut free from the cell body, growth cones can extend across long distances, pulling the axon behind, providing a striking demonstration that the machinery of outgrowth and navigation is local [11] .
Leading Edge Cytoskeleton
The structural elements that support the growth cone's outer perimeter are composed of actin polymer networks. Filopodia contain parallel bundles of microfilaments, while the veils contain networks of crossed filaments that radiate back from the filopodial tips ( Figure 1B ). In addition, long actin arcs sweep across the transition zone, beyond the central domain [12] . As in other motile cells, microfilaments are polarized with the 'plus' (or 'barbed') ends pointing toward the cell membrane. The architecture of leading edge cytoskeleton is different in neuronal and non-neuronal cells, however, suggesting that caution must be applied when extrapolating from one context to the other.
Microfilament assembly begins at the plus end, close to the plasma membrane where signals from the outside world are first received. The constant assembly of actin at the leading edge of a growth cone requires addition of monomers to the plus end of the microfilament [13] . Polymers are then linked together in higher-order structures, such as bundles. As the polymer network assembles, it also moves backwards from the cell membrane by 'retrograde flow' towards the central domain of the growth cone (reviewed in [1] ). As these actin polymers reach the central domain of the growth cone, they must be disassembled and the monomeric components recycled and transported to support further growth at the leading edge.
Beyond the peripheral domain of actin structures follows an array of microtubules ( Figure 1C ). Microtubule dynamics are required for efficient growth cone translocation [14] . Like microfilaments, microtubules are polarized, with their 'plus' ends pointed towards the leading edge. Stable microtubules form the core structure of the axon. In the central domain, dynamic microtubules display highly complex behavior, splaying out, bending and exploring a variety of different directions with their 'plus' ends [15] . When growth cones encounter positive cues, bundles of microtubules invade the portion of the growth cone that will define the new direction of extension, resulting in dilation of filopodia in the region of contact [16] . This event is most predictive of the final direction a growth cone will take [17,18]. As the recruitment of microtubules to the direction of new growth follows actin assembly events in the same region of the growth cone, it is likely that there is a coordination of actin and microtubule reorganization, consistent with recent imaging studies [12] . Mathematical models of microtubule dynamics support this hypothesis [19], though the molecular mechanisms that control this process are largely unknown.
In addition to fixing the direction of the primary growth cone, recent evidence suggests that microtubule structures laid down by the growth cone can also prefigure positions along the axon where interstitial axon branches will form (reviewed in [20] ). This is important because many final targets are found by secondary axon branches, rather than the primary growth cone.
How Growth Cones Move
Because peripheral actin networks are constantly moving backwards within the motile cell, the engine that drives leading edge protrusion depends on the relative balance of actin assembly and retrograde flow. Net assembly and protrusion alone, however, are not 
Cell Polarity and Direction of Movement
With some traction and the cytoskeletal engine running, a growth cone can move forward, but how does it steer in a particular direction? Accumulated evidence suggests that the key to direction is the induction of cell polarity across the leading edge. As living growth cones respond to attractive surface contacts that reorient growth, local actin assembly occurs at the site of contact followed by recruitment of microtubules to the region (reviewed in [1, 24] ). Conversely, growth cones that contact discrete sources of repellent cues display a local collapse of the actin-dependent leading edge [25] . Increased or reduced net assembly in one region of the leading edge leads to a differential in forward movement and thus a change in direction. Much the same cytoskeletal cell polarity phenomena are assumed to underlie responses to gradients of diffusible attractants and repellents. As microtubule distribution shifts to fix the direction of growth, membrane traffic can also be redirected to support the change in cell polarity. Interestingly, endocytosis is associated with the response to multiple growth cone repellents, supporting the idea that membrane traffic plays a role in growth cone navigation [26,27].
Even after an axon or collateral branch has found its correct partner and a lasting, functional synapse is created, the need for structural remodeling continues. Indeed, recent evidence suggests that synaptogenesis and ongoing synaptic plasticity involve highly dynamic morphogenetic events [28,29]. Thus, it is likely that many of the same morphogenetic mechanisms that build the network of connections will function throughout the life of the neuron. Interestingly, theoretical modeling of signaling pathways suggests that, while kinase properties define primarily the amplitude of the signal, the reverse reactions catalyzed by phosphatases control a broader range of parameters, including kinetics. The same models can be applied to activators and inhibitors of GTPases [44]. These models also predict that increasing complexity in the downstream pathway provides faster amplification, and cross-talk within the pathway helps to reduce noise. Thus, the staggering intricacy of signaling pathways is likely to serve a number of ends. Although Arp2/3 appears to be a major source of actin nucleation from monomer in non-neuronal cells [58] , no one has demonstrated that this type of de novo nucleation occurs at the leading edge of a growth cone. As Arp2/3 nucleates the branched actin networks that are prominent in lammelipodia, additional activities are likely to be required for creating the long parallel microfilament bundles found in filopodia. Exactly how Rac and Cdc42 control distinct cytoskeletal features through activation of Arp2/3 is a mystery.
The Molecules that Control Cell Shape

Rho GTPase Pathways
Calcium also Rises
Although small in size, calcium ions appear to play a big role in guidance decisions. Direct measurements of calcium fluxes have revealed highly localized bursts of ions in filopodia as they make contact with the substrate, followed by waves of calcium that propagate back towards the central domain (reviewed in [59] ; see also [60] ). Indeed, local elevation in calcium concentration is capable of inducing filopodia formation [61] . Pharmacological studies of in vitro guidance behavior suggest that calcium is necessary for directional responses to all known attractant and repellent factors (for example [62] ).
Calcium has direct effects on some signaling molecules implicated in axon guidance, such as protein kinase C (PKC) [63] . The action of calcium to regulate downstream proteins is often mediated by the calcium-binding protein calmodulin. Interestingly, genetic manipulation of calmodulin function in vivo was found to cause axon guidance errors [64, 65] , although the calmodulin targets for growth cone navigation are largely unknown.
Kinases and Phosphatases
Protein phosphorylation is pervasive at every level of cellular signaling, from receptor-proximal events to the downstream nodes. At the upper levels of the hierarchy, we find kinase and phosphatase catalytic domains integral to many guidance receptors, such as those in the Eph family (reviewed in [66] ). In addition, a number of transmembrane receptors associate with intracellular kinases. For example, Src family tyrosine kinases facilitate the action of neural cell adhesion molecules such as N-CAM and L1 (reviewed in [67] ). This function of Src family kinases appears to be well conserved and provides a means of regulating the clutch mechanism that links adhesive cell contact to the engine of retrograde actin flow [ In vivo, cellular concentrations of G-actin are far above that required for spontaneous polymerization in vitro (reviewed in [91] ). This means that actin must also be under constant negative regulation. Blocking assembly can be achieved in different ways. In addition to plus end capping, actin monomers can be sequestered by proteins like thymosin β β4 (reviewed in [92] ). Recent genetic studies suggest that multiple repellent guidance receptors in the Roundabout family require the actin-sequestering activity of a Drosophila cyclase-associated protein (CAP) family member in partnership with the tyrosine kinase Abl [93] . This suggests that growth cone collapse may involve active inhibition of polymerization at the leading edge under the control of repellent receptors.
Recruitment of Downstream Effectors
Once microfilaments begin to form, they are assembled into higher-order structures, such as the bundles that underlie filopodia and the orthogonal networks found in veils and at the membrane cortex. The form and stability of these higher-order arrays is likely to play an important role in growth cone dynamics. Although some proteins with actin cross-linking activity are known to support neuronal migration -for example Filamin [94] -or are thought to influence growth cone morphology -for example Fascin [95] -specific roles for these proteins in axon guidance pathways are still not known.
In order to move the assembled network of actin away from the leading edge, some retrograde motor is required. Pharmacological studies suggest that this function requires myosin-type motor proteins [96, 97] ; however, no highly specific chemical agents are available to block myosin activity. While functional analysis reveals that different myosin genes are required for aspects of growth cone motility [98, 99] , and some myosin proteins display striking localization and dynamic behavior (for example [100] ), the identity of the retrograde motor is still a mystery.
As actin polymers are swept back towards the central domain of the growth cone, they must be disassembled. Some actin-associated proteins, such as cofilin, display microfilament-severing activity and appear to play a role in growth cone dynamics (reviewed in [101] ). Moreover, the activity of ADF/cofilin is known to be regulated by LIM kinase downstream of the growth cone repellent Semaphorin 3A [102] . As actin monomers are reclaimed from severed filaments, they must be recycled to support the high rates of polymer turnover. Monomer-binding proteins, such as profilin, appear to serve this function, likely acting as both chaperones and nucleotide exchange factors to restore G-actin for renewed assembly. Profilins have been shown necessary for leading edge dynamics and axon growth [103, 104] , and display intriguing interactions with signaling molecules in vivo -such as Abl kinase [104] and calmodulin [105] -but their precise roles are still unclear.
Many other actin-binding proteins have been described. Some of these components may associate with F-actin in order to regulate assembly directly, and others may need to tether themselves to polymer networks to localize an additional activity. For example, unlike Src family kinases, Abl kinases contain direct Factin-binding motifs in the carboxy-terminal domain known to be required for axonal localization and axon guidance functions [106, 107] . More recently, there is evidence that an intriguing family of flavoprotein oxidoreductase enzymes (MICALs) with putative actinbinding domains act downstream of repellent Plexinfamily receptors [108] . But exactly how these catalytic activities modulate cytoskeletal assembly is not known.
Microtubules Lock on Target
Observations in living growth cones suggest that, while actin structures are remodeled rapidly to create cell polarity events in response to guidance signals, subsequent microtubule stabilization and recruitment to one region of the leading edge is likely to be the event that actually fixes the direction of axon growth. Recent studies indicate that microtubule dynamics are required for directional responses to axon guidance factors such as Netrin [109] .
Dynamic microtubules are generally excluded by the most peripheral actin-rich domain of the growth cone (reviewed in [1] ); however, a subset of microtubules in the transition zone can be seen associated with bundles of F-actin [12] . Local perturbation of actin structures leads to redistribution of microtubules and a change in the direction of growth [110] , suggesting some signaling link between the two cytoskeletal systems, as predicted by theoretical models [19] . Axon branching also appears to involve an interplay between actin and microtubule networks [111] . Interestingly, pharmacological blockade of protein kinase C (PKC) results in rapid invasion of microtubules to the growth cone periphery [112] ; but the mechanisms that control local changes in microtubule structure during axon guidance decisions are largely unknown.
As in the case for actin-binding proteins, there are many microtubule-associated proteins (MAPs). Genetic screens have identified a couple of these proteins as candidates for mediating guidance behaviors, including Futsch, the Drosophila homologue of microtubuleassociated protein 1b (MAP1b) [113] , and Short stop (Shot), a Drosophila Plakin family member [114] .
Futsch mutant flies show defects in synaptic microtubule loop domains reminiscent of those seen in collapsing growth cones [115] . As MAP1b is capable of bending microtubules in vitro [116] , and is a target of phosphorylation (for example [117] ), it is tempting to speculate that Futsch/MAP1b plays a role in growth cone responses to guidance factors by controlling the exploratory behavior of microtubule plus ends in the transition zone.
Interestingly, dephosphorylated MAP1b can also bind to microfilaments, suggesting a potential means of controlling the interaction between actin and microtubules at the transition zone [118] . Short stop is another protein with domains likely to bind both microtubules and F-actin [119] . However, guidance signaling pathways that regulate Futsch/MAP1b and Short stop function in axons have yet to be identified. How these and other MAPs act to regulate growth cone turning is the next major frontier in the cell biology of axon guidance.
Perspectives
The past decade has seen breathtaking advances in the identification and analysis of axon guidance factors and their cell surface receptors. Now that these players are in hand, it should be possible to unravel the molecular logic of the intracellular response. This brief review has focused on a handful of cytoskeletal regulators involved in the interpretation of axon guidance signals. While many other components are being explored, this is just the tip of the iceberg. In addition, the many other aspects of axonal cell biology that contribute to guidance, such as membrane traffic, RNA localization and local protein synthesis, have been left for other reviews. While rapid progress is being made in each of these areas, working to connect receptor cytoplasmic domains through complicated signaling cascades to the regulation of growth cone cell biology, there is still much to be discovered in the next decade. 
